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There is no greater
-agony than bearing an
- untold story inside you.

- =-Maya Angelou
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The Moon is the most
accessible example of a
rocky, differentiated
planetary body that
preserves a primordial
surface, and is therefore
the key to understanding
the formation and
evolution of terrestrial
planets.

NASA/JPL/Galileo




Thermal evolution:
heat sources and heat loss
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Reconstruct source/sink contributions throughout geologic time.




Outstanding questions
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Why did the Moon apparently cool so early?
Why does the Moon have an asymmetric structure (nearside/farside)?
What is the thickness of the lunar crust?

How much of crustal variability is due to variable melting vs. impact
redistribution?

What was the temporal evolution of magmatism and brecciation?

How big are impact basins and how deep did they excavate and therrnally
perturb the mantle?

Did the mantle overturn subsequent to magma ocean solidification?
How laterally heterogeneous is the lunar mantle?

Does the Moon have a core?

Does the Moon have a solid inner core?

Did the Moon have a core dynamo?




Notional view of lunar interior
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& Deepinterior: Evidence for core
e y 4

Induced magnetic dipole moment Core radius vs. C/MR?2
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Deep interior: Evidence for core from k,
p

Tidal Love Number k, Model Values and Determinations
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Was there a lunar core dynamo?
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Magnetization in lunar rocks implies intense paleomagnetic fields (within an order

of magnitude of Earth today).
New analyses of ancient samples demonstrate that magnetic fields existed on the

Moon as early as 4.2 Ga (before heavy bombardment).
Ancient field cannot have come from Sun or Earth. May have come from an early

core dynamo.
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& Magma ocean crystallization: Nominal view
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First minerals to crystallize
are Mg-rich olivines, which
sink.

As crystallization proceeds,
cumulates become more iron
rich, and dense.

After ~75% crystallization,
anorthite (plagioclase) begins
to crystallize, and floats.

Last liquids to crystallize are
enriched in heat producing
and incompatible elements
(i.e., KREEP), concentrated in
western nearside.

Shearer et al. [2006]
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Primitive mantle?

Shearer et al. [2006]
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After magma-ocean
crystallization, mantle
IS gravitationally
unstable, with dense
Fe/Ti-rich cumulates
overlying Mg-rich
cumulates.

Mantle could have
overturned bringing
deep Mg-rich
cumulates to upper
mantle and sending Ti-
and Fe-rich cumulates
to the deep interior.




Is there a seismic discontinuity in the mantle?
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Lognonné et al. [2003] Yes: 550 km depth NO? or 850 km depth?
Maybe: ~500 km

Each study used different seismic events, seismic arrival times and analysis
techniques... so don’t know the answer, but_important for magma ocean depth.
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-~ Evidence for lunar magma ocean

Alarge portion of lunar crust is composed of anorthositic materials.

@ Eastern
Basin Terrane

Near Side FeO wt.%
B B

0 4 12 16 20 FeO derived from Clementine
data, convolved to 2 degree resolution

Jolliff et al. [2000]




Near Side Far Side
Jolliff et al. [2000] Th, ppm
‘:!:I Th concentrations from Lunar
Prospector data, calibrated to
1 2 4 6 81012 landing site soils (Gillis et al., 2000)
Lunar Prospector y-ray spectroscopy shows that Th, and by inference KREEP, is

highly concentrated only in a near side crustal province: the Procellarum KREEP
Terrane (PKT).




How did large impacts thermally perturb the
mantle?
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Major impacts heat crust &
mantle and transmit heat
Into core.

Plume formation favored
beneath thermal anomaly.

Chaotic convective period
ensues.

Enhanced surface
volcanism throughout

SO0 1000 | 500 2000

'(nkK)
Watters, Zuber & Hager [2009]




& Current boundary condition — heat flow
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Apollo heat flow experiments revealed:
regolith is extremely insulating.

surface thermal environment is readily disturbed by compaction
and/or albedo changes.

lunar heat flow is spatially variable, necessitating distributed
measurements to constrain local variations and distinguish among
hypotheses.




_Anchored by seismically-
determined crustal thickness in
Apollo 12-14 region

50 60 70 80 90 100
Crustal Thickness (km) Wieczorek et al. [2006]

Gravity anomalies can be modeled in terms of crustal thickness variations, showing
that large impact events excavated large quantities of crustal materials.




P-wave velocity in km/s
S 7 9

1 1738 Km ( surface )

o
-

(%
(@]

Radius (km)

P
o

Depth in km

£
=
T
=
o
w
a

[6)}
o

Aposteriori Probability

S

Vp/Vs = 1.75

7.57%0.06 km.s-1

| | | |

P Velocity (km.s™")

Toksoz et al. [1972] Khan and Mosegaard [2002] Lognonné et al. [2003]
~60 km 38+3 km 30+£3 km

Each study used different seismic events, seismic arrival times and analysis
techniques...




What is the distribution of regolith?

(69°W, 50-38°N) May 21, 2008 20:54:04-20:58:02 (15°W, 44-32°N) May 4, 2008 00:54:33-00:58:29
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- Comparative magma oceanography

MOQON: SLOWER COOLING UNDER A CONDUCTIVE LID
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LUNAR: Core fm:Yin et al., 2002; Silicates: Kleine et 1]82> Borg et al., 2006 142
MARS: Core fm:Kleine et al., 2004, Foley et al., 2005: Hf; Jacobsen, 2005; Chassigny source (Kleine et al., 2004); Shergottite source (Foley et al., 2005); Harper et al. (1995) Nd; Nakhlite source (Foley et al., 2005)

Other dates: Blichert-Toft (1997); Halliday et al. (1996); Harper et al. (1995); Nyquist and Shih (1992); Papike et al. (1998); Snyder et al. (1992), Shearer and Papike (1999);

Elkins-Tanton [2008]
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